Abstract: Nanoporous microbead-based microfluidic systems for biosensing applications allow enhanced sensitivities, while being low cost and amenable for miniaturization. The regeneration of the microfluidic biosensing system results in a further decrease in costs while the integration of on-chip signal transduction enhances portability. Here, we present a regenerable bead-based microfluidic device, with integrated thin-film photodiodes, for real-time monitoring of molecular recognition between a target DNA and complementary DNA (cDNA). High-sensitivity assay cycles could be performed without significant loss of probe DNA density and activity, demonstrating the potential for reusability, portability and reproducibility of the system.
Introduction
Biosensing devices for medical and environmental applications that are portable, low cost, accurate, and sensitive are in high demand, making microfluidics an attractive solution for pointof-care applications. In particular, DNA hybridization-based biosensors allow for decentralized DNA testing with high specificity and sensitivity while being faster, simpler and cheaper than traditional testing. There have been many recent efforts to develop DNA hybridization-based microfluidic biosensors. Many use electrochemical detection techniques that are prone to variability due to change in the surrounding environment and have complex and time consuming protocols [1], or magnetic-bead based detections that usually requires bulky machinery increasing the cost of the device [2] , and few have focused on the regeneration of the microfluidic device [1]. Regeneration not only allows performing more assays on a single chip, but also enables the measurement of a control sample under the same experimental conditions. Our group has previously demonstrated that using agarose nanoporous microbeads inside microchannels enhances the sensitivity of detection of different biomarkers, mostly by increasing the available active surface area and decreasing diffusion times [3, 4] . In this work, we report a regenerable microfluidic microbead-based DNA detection system with integrated fluorescence detection.
Materials and Methods

DNA Immobilization Strategies
Electrostatic and covalent immobilization strategies were used to immobilized a 23 bp singlestranded DNA analogous to micro RNA (MIR145) (StabVida, Lisbon, Portugal) to nanoporous agarose beads (Figure 1a ). In the first strategy, Q Sepharose (QS) Fast Flow beads (GE Healthcare, Uppsala, Sweden) (~90 μm average size) were suspended in a solution of biotinylated DNA:streptavidin in a 1:4 M ratio previously incubated for 10 min, to allow adsorption of the DNA:streptavidin complex to the beads via electrostatic interactions. In the second strategy, NHSActivated Sepharose 4 Fast Flow beads were used to covalently immobilize aminolink C6-modified probe DNA.
Fabrication of Microchannel and Bead Trapping
The microfluidic channels were fabricated using standard polydimethylsiloxane (PDMS) softlithography techniques, described in detail elsewhere [3] . Briefly, aluminum hard masks were fabricated by direct write optical lithography (Heidelberg DWLII, Heidelberg, Germany). The master mold fabricated in SU-8 (Microchem Corp, Newton, MA, USA) comprised a 20 μm high segment (SU-8 2015), and a 100 μm high segment (SU-8 50). The PDMS structures were fabricated using Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI, USA). The PDMS structures were sealed against a 250 μm PDMS slab using an oxygen plasma treatment (Harrick Plasma, Ithaca, NY, USA). The beads were packed inside the taller microfluidic channel by adapting a pipette tip at the inlet and applying a negative pressure at the outlet, using a syringe pre-filled with water connected to the microfluidic structure via capillary tubing and metal coupler (Figure 1b) . 
Fabrication of a-Si:H Photodiodes
The hydrogenated amorphous silicon (a-Si:H) p-i-n photodiodes ( Figure 1c) were fabricated in house as described in detail elsewhere [5] . Briefly, the structure has a bottom contact of 200 nm of aluminum, a mesa structure of 10 nm n + -a-Si:H/500 nm intrinsic a-Si:H/10 nm of p + -a-Si:H, a passivation layer of 100 nm SiNx through which a via was etch, and a top transparent electrode of 50 nm indium tin oxide (ITO). Finally, a second passivation layer of 200 nm SiNx was deposited over the full structure with vias opened at the contact pads for electrical contact. A high-pass 1.8 μm thick a-SiC:H absorption filter was deposited by rf-PECVD to cut the fluorescence excitation light.
Results and Discussion
Probe Immobilization Strategies
DNA probe immobilization to agarose nanoporous beads was achieved through either electrostatic interactions or a covalent bond. In the former, QS beads with a positively charged surface were used to interact with the DNA:streptavidin complex, that immobilizes electrostatically to the beads mainly due to the negative charge of the DNA (Figure 2a ). Using this immobilization strategy, calibration curves for increasing concentrations of target DNA (cDNA and ncDNA) labelled with an organic fluorophore (Atto 430LS) were measured. The limit of detection (LoD) obtained was 20 nM based on the 3σ criterion, with σ being the standard deviation of a blank assay (Figure 2b) . The ncDNA signal is below the 3σ threshold for the range of concentrations tested. For the concentrations of cDNA above the threshold, specificity ratios between (2.05 ± 0.28) and (2.86 ± 0.20) were obtained. Nevertheless, the achievement of lower LoDs is limited by the background variability, which is intrinsic to assay design and adsorption of non-specific molecules to the charged beads. Noticeably, some of the inter-assay variability can be attributed to different microchannel conditions, such as packing of the beads, in between different assays, which may influence the flow rates and the density of probe immobilized on the beads' surface. In order to reduce variability, a covalent immobilization strategy was developed, allowing the regeneration of the system. 
Microcolumn Regeneration
For the regeneration strategy, covalent immobilization of the DNA probe was used to avoid significant loss of probe density. A regeneration cycle was successfully obtained by first flowing cDNA, followed by 0.3 M NaOH for column regeneration, and finally ncDNA using first a fluorescence microscope for signal acquisition (Figure 3a) . Inter-solutions washing steps were performed using PBS. A 17-fold difference between the measured fluorescence of cDNA and ncDNA (after PBS washing) was observed. The full regeneration of the column was achieved with the fluorescence values, after regeneration, being comparable to the background. In order to make this system compatible with a portable setup, the fluorescence acquisition of two regeneration cycles was performed using a 200 × 200 μm thin-film p-i-n a-Si:H photodiode (Figure 3b ) aligned beneath the area in the microchannel where the beads were packed. The result shows the variation in photocurrent resulting from the measurement of fluorescence by the photodiode over two successive regeneration cycles. We can see that the trend is maintained and the results are consistent with those from the microscope. 
Conclusions
In this work, we showed the proof-of-concept of a regenerable microfluidic bead-based DNA detection system with integrated fluorescence detection. The electrostatic probe immobilization strategy proved to be fast and simple, achieving a LoD between 10-20 nM. Furthermore, the detection of the target DNA is performed in 5 min. In systems where regeneration is used, the immobilization of probe DNA by covalent bonding to the beads was required, allowing the regeneration of the system without significant loss of probe DNA. The integration of thin-film photodiodes demonstrates the potential of the system as a point-of-use screening tool for biomedical, food and environmental analysis or even biodefense.
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